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ABSTRACT 

This report d,escribes an S-band c\iv Doppler lunar radar 
experiment conducted at The Ohio State University ElectroScience 
Laboratory. The results for the scattering function, total croSs 
section and surface properties are comphred with experimental 
results of other investigators and with recent theoretical inter& 
pre tations. 
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OSU LUNAR DOPPLER EXPERIMENT 

L INTRODUCTION 

The use of radar  as a means for studying remote surfaces  
(such as planetary su r faces )  has been the object of both theoret ical  
and experimental  work for a number of years ,  and has  assumed an 
increasingly important role in  the study of our so la r  system. 
r a d a r  studies of Venus, for  example, have significantly improved on 
the knowledge of our nea res t  planetary neighbor. The interpretat ion 
of these r ada r  studies,  however, is not yet entirely wel l  founded. 
The moon, beilig relatively close to the Earth,  can  se rve  to verify 
some of these interpretations. 

Recent' 

This repor t  descr ibes  an S-band CW Doppler lunar r ada r  
experiment  conducted a t  The Ohio State University ElectroScience 
Laboratory during 1965. The resul ts  for the scattering function, 
total  c r o s s  section and surface propert ies  (dielectric constant and 
effective RMS slope) a r e  compared with experimental  resul ts  of 
other  investigators and with the theoretical  interpretations of 
References 2 and 3. 

11. THE DOPPLER EXPERIMENT 

The moon's orbi ta l  motion imposes two kinds of Doppler 
e f fec ts  on a r a d a r  signal incident on i t s  surface. 
i s  a n  overal l  Doppler shift, fD, due to the motion of the center  of 
the moon relative to the center of the earth. 
changing frequency shift mus t  be accurately known in o rde r  to "track" 
the reflected signal in frequency. 

The first  (Fig. 1) 

This continuously 

A second kind of Doppler effect a r i s e s  f r o m  the apparent 
l ibration, o r  rotation, of the moon. 
"Doppler experiment". 
spec t rum of the t ransmit ted signal in accordance with the Doppler 
principle. This smeared  spectrum is shown in Fig. 1, where the 
max imum Doppler smear ,  fdmax, corresponds to the re turn  f rom 
the l imb of the moon. 

This is the foundation of the 
The effect of this l ibration is to s m e a r  the 

The major  source  of the apparent libration is  the rotation of 

Finally, the 
the Earth,  
inclination of the moon's equator to i t s  orbi ta l  plane. 

A second source,  producing a l ibration i n  latitude, is the 
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slight eccentricity of the moon's orbi t  coupled with a constant axial 
rotation produces a longitudinal libration. 
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Fig. 1. Frequency behavior of lunar echo. 

In Reference 4 i t  is shown that, f o r  the geometry of Fig. 2, 
all points on the surface of the moon with a given y-coordinate 
produce the same  Doppler shift, given by the equation 

fd = 2RfL  - sin +, 
C 

where  

R = radius of the moon (1738 km) , 
c = velocity of light, 
f = transmitted frequency (2270 MHz) and 
L = total l ibration r a t e  ( rad ians /sec) .  

The angle (p i s  defined in Fig. 2. 
between Doppler s t r ips  on the moon and frequency bands in  the spec t ra  
of moon-reflected r a d a r  signals. 

Thus the re  i s  a d i rec t  correspondence 
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Fig. 2. Geometry of Doppler shift due to libration. 

An average backscattering c r o s s  section per  unit a r e a  uo(a), 
where  Q is the angle of incidence ( see  Fig. 3 ) ,  can  be computed 
f r o m  the Doppler derived power spectrum, P(f), by nuinerical  
integration of the equation ( see  References 1, 4 and 12, and 
Appendix I) 

P' s in  Q 

d6 a 
1 

llR s J- U0(Q)  = - cos  (Y (2 )  

1 

f-fD where  5 is  the normalized frequency, 6 = - , 0 5 6  51, and (Y 

fdmax 
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is the angle of incidence. 
respec t  to 6. 
interpretat ion of surface s t ruc ture  in t e r m s  of the angular dependence 
of cro(a) may be used to obtain information about the lunar surface. 

The pr ime (' ) denotes the derivative with 
Once uo(a) i s  known, the extensive l i t e ra ture  for 

Z 
4 

Fig.  3. Angle of incidence, a. 

111, INS TR U M E N T A TI ON 

The transmitted signal (2270 MHz a t  10 k W )  was derived f r o m  
a Sulzer  frequency s tandard and was  provided by The Ohio University 
, ( 30  f t  paraboloidal antenna; 82" 07' 29" W longitude, 39"  19' 28" 
N latitude, 274 m elevation). Only l inear ly  polarized signals were  
t rans  mitte d. 

The receiving station was The Ohio State University 
ElectroScience Laboratory Satell i te Communcation Facil i ty ( 82" 02' 
30"  W longitude, 40" 00' 10" N latitude, 247 m elevation) using two  
of an  a r r a y  of four 30 ft  paraboloidal antennas (1" beamwidth, 43 dB 
gain).  
f igures ,  
polarized signals were  received. 

Pa rame t r i c  amplif iers  provided approximately 4 dB noise 
20 d B  gain and 30 MHz bandwidth. Both d i r ec t -  and c r o s s -  
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The rece iver  sys tem (Fig. 4) made use of the stability of the 
rubidium vapor frequency standard to pe r fo rm di rec t  recording of 
the lunar-reflected signals. The second local  oscil lator was offset 
and var ied  in accordance with computed values of overal l  Doppler 
shift to yield a final output center  frequency of about 150 Hz o r ,  for  
some data runs, about 90 Hz. 
then recorded undetected on magnetic tape, 

The final downconverted sighal was  

IV. DATA 

Data runs were  10 to 15 minutes i n  length with 45 minutes 
between consecutive runs. 
check was made of the t ransmi t te r - rece iver  sys t em by d i rec t  t r ans -  
miss ion  f rom Ohio University to The Ohio State University. P a r a m p  
gain and noise figure measurements  w e r e  made fo r  each s e r i e s  of runs. 
Immediately before o r  immediately following each run  sys t em noise 
levels  and 0 -  to 1-volt calibration levels were  recorded. All the 
data were  FM-recorded on magnetic tape with a 1250 Hz bandwidth 
a t  7+ ips. 

Preceding each s e r i e s  of runs a frequency 

Figure 5(a)  shows a sample of direct-polar ized re turn  received 
a t  20:20 UT* on June 3, 1965 with 20 dB attenuation ahead of the 
receiver.  
recorded  a t  the same  time, is shown i n  Fig. 5(b).  Both the d i rec t -  
and the c ross -polar ized  data were  normalized to the maximum value 
of the fo rmer  within the in te rva l  plotted. 

A sample of cross-polar ized r e tu rn  (with 8 dB attenuation),  

Examples of the probability density functions of the received 
signals a r e  shown in  Fig. 6 .  
mation to the normal  (Gaussian) distribution. This implies that very 
l i t t le of the r e t u r n  is coherent, a s  expected for r ada r  r e tu rn  f r o m  a 
rough surface. 
approximately Gaussian, can find application in some considerations 
of data  analysis. 
Gaussian amplitude distribution will be discussed briefly i n  Appendix F. 

It is of i n t e re s t  to note the close approxi- 

The fact  that the re turn  was indeed found to be 

An example of a n  analysis technique requiring a 

* Universal  T ime 
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Selected portions of the analog data were  digitized, initially a t  
Wright-Pat terson Air  Fo rce  Base (WPAFB) and l a t e r  a t  The Ohio 
State University Computer Center. 
with a sample ra te  of 1250 samples  p e r  second and a bandwidth of 
1250 Hz. Because the signal bandwidth was no g rea t e r  than 180 Hz, 
this was an  excessive sample rate. To reduce the Sam l e  r a t e  and, 
a t  the same  time, the noise bandwidth, the smoothing5,' and "deci- 
mation" operator  F&S$ was applied, yielding an apparent sample 
r a t e  of 625 samples  per  second and a half-power bandwidth of a little 
l e s s  than 180 Hz. 
to the smoothing operator  Sfi,.  
modified data were  appropriately corrected,  as discussed in the 
following section. 

At WPAFB the data were  digitized 

Figure 7 shows the power t ransfer  loss  corresponding 
The spec t ra  computed f r o m  these 

More  data were  digitized following the installation of an analog- 
to-digital converter a t  the OSU Computer Center. W i t h  this new and 
convenient facility g rea t e r  control of playback bandwidth and sample 
r a t e  was possible. A m o r e  suitable sample ra te  of 500 samples  p e r  
second was chosen. 
to avoid data contamination by the spec t ra l  "folding" inherent in  the 
sampling process ,  and thus to avoid the need for data smoothing, i t  
was  necessary  to  play back the analog data at a 12 ips ra te ,  yielding 
a bandwidth of about 312. 5 Hz. 
behind this choice of parameters .  

In o rde r  to  real ize  a bandwidth sufficiently narrow 

Figure 8 i l lus t ra tes  the reasoning 

V. DATA ANALYSIS 

The power spectrum, f rom which the backscattering function is 
computed, is derived f rom the autocovariance function (ACF) of the 
data. The A C F  of digitized data i s  defined5" by the expression 

where  N t 1 is the total  number of data points ( x O , x 1 , * . . , x ~ ) ,  m 
corresponds  to  the maximum covariance lag T~ = mAt ( l / A t  is the 
sample  ra te )  and Cr  is  the rth t e r m  of the autocovariance function, 
corresponding to a lag of rAt .  A maximum covariance lag of 1 second 

*The  notation i s  that of Blackman and Tukey (Ref. 5) for convenience. 
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FREOUENCY (HERTZ) 

0 125 2 5 0  375 500 625  

2 > 0 -8 .O 

Fig. 7. Power t r ans fe r  ra t io  f o r  smoothing operator ,S&. 

10 



P( f )  

NOISE BANDWIDTH 
4 FOLDED I 

t 
I 

SPECTRUM ----------- ------ 

I I I 
1 I 1  I I I 

100 200 ' 400 500 600 0 

FREQUENCY (Hz) 

2fN = SAMPLE RATE;fN= FOLDING FREQUENCY: 
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Fig. 8. Determination of sampling rate. 

was  used i n  o r d e r  to obtain a 1 Hertz resolution in the power spectra.  
An example of a n  A C F  is shown in  Fig. 9. 

A roagh s 
by the formula 

r t r a l  der?sity estirnatc was derived f rom each A C F  Ze6' 
m- 1 9 

(4) I ir TT 

m 
t Cm cos r r  

J i= 1 L 

r 
f o r  r = 0, l , * - - , m .  The frequency corresponding to r is  - 2mA t Hzo 

The rough spec t ra l  estimates derived f r o m  the WPAFB -digitized 
data  w e r e  cor rec ted  for  the smoothing function, SS3, by multiplying 
the s p e c t r a  by the inverse  function 5 , 6  

11 
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(5) 
(sin 1 
I I 

{sin 2+ ) sin - , 

1 where  w = 2rrf and - i s  the sample rate. 
A t  

5 , b  These rough spec t ra l  es t imates  were then smoothed ~ by 
Hanning weights i n  the manner  shown h e r e  to produce final es t imates  
Ur. 

uo = 0.5 uo t 0.5u1, 

(6) U r  = 0. 25Ur-1 t 0. 5 U r  t 0. 25Urt, ,  r = 1 , 2 , - - . , m - l ,  

U m  = 0.5 Urn- t 0 . 5 U m .  

In Reference 5, formulas  a re  given which may be used to es t imate  
the amount of data requi red  to obtain a cer ta in  precis ion in  the 
spec t r a l  es t imates ,  One example i s  the formula 

1 200 
- t  
2 (90 per  cent range in  dB)' 

1 
3 

(7) N =  , 
(L) ( R )  - - 

where  N is  the number of pieces  of data, L is the length (in seconds) 
of each  piece,  and R is  the des i red  frequency resolution in  Hertz. 
The express ion  "90  per  cent range i n  dB" is explained as follows. 
A "spec t ra l  es t imate"  is composed of a number of individual es t imates  
of the spec t ra l  densit ies at discrete  frequencies.  
such  "spec t ra l  estimates".  Each member  of the se t  includes an 
e s t ima te  of the spec t ra l  density at the d iscre te  frequency fn. There 
i s  thus a total  of M independent es t imates  corresponding to fn. The 
purpose  of the s ta tement  "90  p e r  cent range in  dB" is to specify 
that 90 p e r  cent of these M est imates  will l i e  within a cer ta in  range 
(in dB) of the average of all M est imates  for  fn. This specification 
appl ies  to each frequency included in the spec t ra l  estimates.  

Consider a se t  of M 

F o r  the data  available in this experiment  i t  was des i r ed  to 
obtain one Hertz  resolution with data samples  20 seconds in  length. 
The 90 per  cent range was s e t  a t  f 2  dB. 
Eq. (7)  to these p a r a m e t e r s  gives 

Applying the formula of 

13 



1 20 - t -  
50. 5 

l-b 3. N =  - -  
1 19.7 

2 PI2 - 
1 20 - t -  

50. 5 
l-b 3. N =  - -  

1 19.7 
2 PI2 - 

Thus the average of spec t ra l  es t imates  derived f rom three  20 second 
data  samples  should provide a final spec t ra l  es t imate  satisfying the 
des i red  cri teria.  

F igure  10 presents  a sample spec t ra l  es t imate  derived f r o m  
20 seconds of data recorded on May 4, 1965 a t  23: 14 UT. 
presents  two 20 second spec t ra ,  one (a) f rom direct-polar ized r e tu rn  
and the other (b) f rom cross-polar ized  return. 
spec t r a  were  acquired a t  20:20 U T  on June 3, 1965. In both Fig. 10 
and Fig. 11 intermodulation sidebands appear due to the presence  of 
60 Hertz  i n  the rece iver  system. Since the signal spec t r a  were  l e s s  
than 60 Hertz wide, however, they were not contaminated. 

Figure 11 

The data for these 

The spec t ra l  es t imates  f r o m  a number of runs a r e  shown i n  
All  a r e  derived f r o m  60 seconds of data, have one Hertz  Fig. 12. 

resolution and have been plotted against  a normalized frequency 
var iable  6 = f* fD  - e The values for fd , the l imb Doppler, w e r e  

determined both by a computer p rogram (Appendix D) and by estimation 
direct ly  f r o m  the spec t ra l  density curves.  

max  
f dmax 

The C W  spec t rum and the backscattering function of the moon 
a r e  re la ted (Ref. 4 and Appendix A, Ref. 1 and Ref. 12) by the 
following pair  of equations 

(9)  

IT - 
~ ~ ( c r )  sincu 

dcr 

sin-’ E 

where  P(6) , the spec t ra l  density function, is  a s s u m e d  even, dif-  
ferentiable,  and frequency normalized so that 0 5 6 5 1 (6  is  thus 
dimensionless) .  It is assumed that u o ( a )  , the backscat ter ing 
function, is a function only of the angle between the radius  vector  
of the moon, P, and the direct ion of incidence, 4 (Fig. 3 ) .  

14 
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Fig. 11. P o w e r  spec t r a l  density functions. 
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Frequency- normaliz ed spec t ra l  density functions. 
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JUNE 3, 1965 JUNE 3, 1965 

Fig. 12. Frequency-normalized spec t r a l  density functions. 
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The es t imates  of cro(a) derived, by numer ica l  integration of 
Eq. ( l o ) ,  f r o m  the spec t r a  of Fig. 12 w e r e  averaged to yield the 

at different wavelengths and with both l inear and c i rcu lar  polarization 
a r e  shown i n  Fig. 14 to provide a comparison. Direct  comparison of 
l inear-  and circular-polar izat ion resul ts  (Figs. 13 and 14, respect ively)  
cannot be made, 
of incidence near  normal. 

functions shown i n  Fig. 13. Curves obtained 9 ,  17 by other invest igators  

2 though an approximate comparison is valid for  angles 

A comparison of the measured  backscattering function (Fig. 13) 
with theoretically der ived backscat ter  functions is shown i n  Fig. 15. 
In this instance the backscat ter  pa rame te r  Y(cu) = 
r a the r  than u 0 ( a ) ,  to provide a direct  comparison w th the Curves 
given in Reference 3. 
for  this purpose. It may be concluded f r o m  this comparison that the 
RMS sur face  slope is about 15" at  a wavelength of 13.2 cm. 
d isagreement  between experimental  and theoretical  resul ts  for  la rge  
angles  of incidence is, at least  in part ,  due to the failure of the 
physical  optics approximation a t  these angles. A similar comparison 
(Fig. 16) of the experimental  backscat ter  functions of other  investi-  
ga to r s  with the theoretical  curves  of Reference 3, over a 0 to 20" 
range ,  provides an es t imate  of the frequency dependence of the RMS 
sur face  slope (see Fig. 17). As wavelength, A, decreases ,  the 
effects of s m a l l e r  surface features  on the r a d a r  signal prodtlce a n  
inc rease  i n  the apparent  surface slope. 

is plotted +, 
The curves  have been normalized at  the or igin 

The 

Comparison of these experimental  resu l t s  with the theoret ical  
predict ions of References 2 and 3 ( see  Fig. 15) a lso suggests that 
the modified Besse l  joint probability density function2" is a m o r e  
a c c u r a t e  model  for describing the lunar  surface than is the Gaussian 
joint probability density function, for  angles of incidence near  normal. 

The experimental  c ross -polar ized  backscattering pa rame te r  is 
compared  with the corresponding theoretical '  r 3  curve in Fig. 18. 
Both curves  have been normalized to 0 dB a t  their  maximum values. 
Lit t le cor re la t ion  is observed between the two curves. P a r t  of the 
d iscrepancy  is  undoubtedly due to  the lack of t r ansmi t t e r - r ece ive r  
isolation, especial ly  nea r  normal  incidence. 

The experiment  a lso provides information on the absolute c r o s s  - 
sec t ion  of the moon. The total  radar  c ross -sec t ion  is  defined by 

19 
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where 

r 
d 

P t  = transmitted power, 
Pr = received power, 
Gt = t ransmit ter  antenna gain, 
Gr = receiver  antenna gain, 
X = wavelength 
g = gain o r  directivity of the lunar surface,  and 
p = reflection coefficient. 

= radius of the moon, 
= distance to moon (transmitter-to-moon distance assumed 

equal to receiver-to-moon distance) , 

12 2 
m . F o r  the moon, nr'  = 9.49 X 10 

d4 
X = 0. 132 m (h2 
was estimated using the relation 

For  the OU-OSU experiments 
0.36 X l o 9  m (342.2 dB) ,  P t G t  = 111 dBm, Gr = 43 dBm and 

- 17,6 dB) . The value f o r  Pr, the received power, 

S P, = - k T  , 
N 

where (F ig .  19) 

S = a r e a  under signal pa r t  of the spec t rum (wa t t s ) ,  
N = height of the noise level (wat ts /Hertz) ,  
k = Boltzmann's constant (1. 38 X 10 
T = sys tem noise tempera ture  (OK). 

- 23 
joules/Hz/"K) , and 

8 The sys tem noise tempera ture  is  given by the express ion  

with N F  representing the noise figure and TA the antenna t empera -  
ture. The noise level, N, was est imated f r o m  the power spectra ,  
such as those shown in Figs. 10 and 11. 
the intermodulation noise, there  was some difficulty in estimating 
N. 

In some cases ,  due to 

As a representative example, consider  the instance with 
N F  = 4. 35 dB (2. 72) and TA = 134°K (south antenna temperature '  ) .  
Then 

(14) T = 290 (2. 72 - 1.0) t 134.0 = 132. 8 "K. 
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Fig. 19. Estimation of received power, Pr. 
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With a 2. 1 kHz bandwidth (bandwidth of the r e c e i v e r s ) ,  

(15) k T  = (632. 8°K) (1.38 X joules/Hz/"K) (2. 1 X l o 3  kHz) 

= 1835 X lo-'' joules, 

o r  

(16) kT = -167.4 dBw. 

Using the data f r o m  the south antenna a t  19:50 UT on June 3, 1965 as 
a n  example,  S = 9. 1 dB  and N = -37. 5 dB so  that ( s ee  Eq. ( 1 2 ) )  

With this value for P,, Eq. (11 )  gives,  with ( 4 7 ~ ) ~  = 33. 0 dB, 

(18) u = 3 3 . 0  t 342.2 - 120.8 - 111.0 - 43.0 t 17.6 

= 118. 0 dB, 

o r  

The c r o s s  section, expressed  as a f ract ion of the geometr ica l  c r o s s -  
section, is then 

During the data runs,  data  were  r eco rded  f o r  half the 
recording time with one antenna receiving d i r ec t -  and the other  
receiving cross -polar ized  return.  The antenna polar izat ions w e r e  
then switched and data were  recorded  during the second half i n  the 
opposite mode. F o r  each  mode, attenuation was  in se r t ed  as needed 
to keep received levels within ce r t a in  l imits ,  Since, for  the p re sen t  
example, the d i rec t -polar ized  data were  at tenuated by 18 dB and the 
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I '  
I 

Date Time (UT) gpdirect 

5/4/65 20: 12 0.048 
5/4/65 23: 14 . 0 9 8  

6/3/65 19:50 .067  
6/3/65 19:57 .030 
6/3/65 20 : 20 . 0 6 2  

Average . 0 6 1  

cross-polar ized by 3 dB, the difference must  be removed i n  computing 
the value Pr for  the cross-polar ized return. Thus using the noise 
level N = -37. 5 dB for  the south antenna and the value S = 11.4 dB, 
derived f r o m  the cross-polar ized spectrum a t  19:57 UT (see Eq. ( 1 2 ) ) ,  

gPcross 

- 
- 

0.0036 
.0036 
.0033 

.0035 

(21) Pr = 11. 4 - ( 1 8 - 3 )  -(-37. 5) -167.4 = -133. 5 dBw. 

Then, just  as for the direct-polarized case,  

(22) u = 33. O t 342.2 - 133. 5 - 11 1.0 - 43.0 + 17.6 = 105.3 dB 

o r  

11 2 
u = 0 . 3 4  X 10 m ,  

and 

(24) gp 0.0036. 
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TABLE I1 
Radar  Cross Section of the Moon as 

Reported by Other Investigators 

U Est imated  
1 (cm)  gp=;z E r r o r  (dB) Author Y e a r  

Lynn 
Kobrin 
14orrow e t  a1 
Evans & Pettengill  
Kobrin 
Hughes 
Victor e t  a1 
Aarons 
Blevis & Chapman 
F r i c k e r  e t  a1 
Leadabr and 
T r  ex ler  
Aarons 
Trex le r  
Webb 
Evans 
Evans e t  a1 
Evans & Ingalls 
Davis & Rohlfs 

1963 0. 86 
1963 3. 0 
1963 3. 6 
1963 3. 6 
1963 10.0 
1963 10 .0  
1961 12. 5 
1959 33. 5 
1960 61. o 
1960 73.0 
1959 75. 0 
1958 100.0 
1959 149.0 
1958 150.0 
1959 199.0 
1957 250.0 
1959 300. 0 

784.0 
1964 1130.0 

1920.0 
1560.0 

1962 1 

0. 07 
. 0 7  
. 0 7  
. 0 4  
. 0 7  
. 0 5  
.022  
. 0 9  
. 0 5  
.074 
. 10 
. 0 7  
. 0 7  
. 08 
. 0 5  
. 10 
. 10 
.06 

. 13 . 1 6 1  

. 19) 

f l  
+1 
f l .  5 
f 3  
+1 
*3 
t 3  
f 3  
f 3  
21 
f 3  
f4 
f 3  
+4 
23 
+3 
f 3  
+5 
t 3  
- 2  

1,9, 11 
The estimation of the d ie lec t r ic  constant, E ,  is general ly  

obtained by means  of the equation 

1 

where  p is  the ref lect ion coefficient. Since p is  apparently in-  
dependent of wavelength over  the range of wavelengths used f o r  
lunar r ada r  experiments,  c i s  assumed real. Equation (25) is  
exact  f o r  a smooth, homogeneous d ie lec t r ic  s p h e r e  which is l a rge  
compared  with the wavelength; however its use f o r  the moon m u s t  
be considered as only a convenient approximation. 
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I '  
i Several  methods1' a r e  employed to separate  the directivity, 

g, and the reflection coefficient, p. F o r  a smooth isotropically 
reflecting sphere,  g = 1; for  a Lambert  scattering sphere ,  g = 8/3. 
A value of g = 1. 15 will be used here. 
other  investigators12 f rom 68 c m  data. 
introduced by this approximation will be insignificant i n  comparison 
with the e r r o r  i n  the est imate  of the r ada r  c r o s s  section, u, and in  
consideration of the fact that Eq. (25)  is only approximate. 

This value was obtained by 
It is felt that any e r r o r  

The total  c r o s s  section, obtained by summing the average of 
the d i rec t  polarized c r o s s  section and that of the c ros s  polarized 
c r o s s  section (Table I ) ,  i s  g p  0.0645. Then, with g = 1. 15, 
p a 0. 056. Solution of Eq. (25) gives E 2. 6. This compares  
reasonably well  with values given by other authors 9, 12 (Evans and 
Pettengill,  E = 2. 79 a t  68 cm;  Muhleman e t  al, z = 2. 8 a t  68 cm;  
Evans and Hagfors, E = 2.72 a t  3.6 c m  and E = 2. 13 a t  0. 86 c m ) .  

VI. ACCURACY OF MEASUREMENTS 

There  a r e  many sources  of e r r o r  in an  experiment of this 
complexity. In this section estimates a r e  made  of the degrees  of 
e r r o r  introduced in the various data analysis processes .  Analog 
to digital conversion provided 12 bits of amplitude resolution, o r  
be t te r  than 0. 2 pe r  cent of full scale accuracy. 
f r o m  digitizing the data will  thus be considered negligible. 
to the magnitude of e r r o r  f r o m  other sources ,  this 
as  sumption. 

The e r r o r  result ing 

is not a bad 
In relation 

The data processing e r r o r ,  up to and including the spec t ra l  
es t imates ,  i s  predominantly statist ical  in nature. This e r r o r  is  
due to the fact  that only a finite amount of data could be processed. 
With a frequency resolution of one Hertz and 3 twenty second 
samples ,  a precis ion of + 2  dB in  the estimation of each spec t ra l  
point was obtained i n  accordance with the formula (Eq. (7)  ) discussed 
i n  Section V. 

The e r r o r  introduced i n  computing the backscat ter  function 
der ives  f r o m  two sources.  
of the l imb Doppler values used in frequency normalizing the spectra. 
The es t imates  of l imb Doppler obtained simply by inspection of the 
power spec t ra  a r e  thought to  be accurate to within 20. 5 Hertz. 
r e su l t s  in  negligible e r r o r  f o r  CY < 45" and l e s s  than 1 dB for l a rge r  
CY. The computer-derived est imates  of l imb Doppler a r e  not as 
accurate .  Their computation depends on the accuracy of Ephemeris  

The f i r s t  is the accuracy of the est imate  

This 
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data and on the accuracy  of the libration computation method (Appendix 
D) , which i s  a ve ry  complex process.  
their  major  application i n  the selection of data run times and were  
used only a s  rough checks on subsequent data analysis. 

The computer es t imates  found 

The second source  of e r r o r  in  the backscatter function i s  the 
computer program (program 5, Appendix E) which was used to 
compute uo(cy). By applying the p rogram to cer ta in  tes t  functions 
(Appendix B) it is concluded that the e r r o r  introduced by the p rogram 
in  computing u o ( a )  is l e s s  than 20. 5 dB for  a 5 60". 

The e r r o r  i n  es t imates  of u, the total  r ada r  c r o s s  section 
(see Eq. (1  1) , Section V) , can be broken down into component 
e r r o r s  as follows: 

d4 f0. 2 dB 
f0. 5 dB 
f 2 d B w  

G r 
P tGr  

Pr f 2 d B w .  

The estimate of e r r o r  in  Pr, the received power, can  be broken 
down fur ther  into a f0. 5 dBw e r r o r  i n  the es t imate  of noise level  
N and a f 1.5 dBw e r r o r  i n  the value for S ( see  Eq. (12 ) ,  Section V ) .  
Hence the total e r r o r  in  u is 

This e r r o r  estimate i s  compatible with the var ia t ion of the values 
of gp (Table I, Section V)  f r o m  their averages  a s  well  as f r o m  the 
normally accepted value of about 7 pe r  cent. 

Using the above e r r o r  es t imate  for  u, the possible e r r o r  i n  
the est imate  of the dielectr ic  constant, E , is found by  substituting 
the minimum and max imum values for  gp into the solution of 
Eq. (25) (Section V ) .  The result ing l imits  on E a r e  2 < E  < 4, 
with a m o s t  probable value of 2. 6. 
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VIL CONCLUSIONS 

On the bas is  of the resu l t s  derived f r o m  the experiment descr ibed 
i n  the preceding sections,  i t  m a y  be concluded that the apparent lunar 
RMS surface slope a t  a wavelength of 13. 2 c m  is about 15"; the lunar 
r a d a r  c r o s s  section is approximately 6 per  cent for  d i rec t  polarization 
and about 0.4 p e r  cent for c r o s s  polarization ( *  3 dB) ; and the average 
dielectr ic  constant of the moon's surface is e * 2. 6. 

By means of the comparison of the experimental  backscattering 
function with that derived theoretically in  Reference 2 i t  may  be con- 
cluded that the modified Besse l  joint probability function se rves  as a 
m o r e  accurate  model for  the description of the lunar surface than does 
the m o r e  familiar Gaussian joint probability function. 

VIII. RECOMMENDATIONS FOR FUTURE WORK 

The experimental  resu l t s  described i n  the preceding bections, 
along with the theoretical  resu l t s  of References 2 and 3, represent  
significant advances in the understanding of the problem of studying 
planetary sur faces  by radar  methods. Fu r the r  studies a r e  needed, 
however, i n  the interpretat ion of the scattering propert ies  of remote 
surfaces .  Fo r  example, present  interpretation of the lunar surface 
i s  based on a n  a r b i t r a r y  division of the observed cross -sec t ion  into 
two components, a fur ther  separation of each component into a 
directivity and a reflectivity factor, with the reflectivity given by 
a s imple normal  incidence F resne l  coefficient. 
known to give inconsistent resul ts  for t e r r e s t r i a l  surfaces ,  yet is 
the bas i s  for  the "accepted" value of the lunar dielectric constant. 
It i s  c lear  that a study of the diffuse component, i n  par t icular ,  
(i. e. ) re turn f rom sur faces  with multiple scattering o r  scattering 
f r o m  edges and cusps)  is needed to re la te  the observed scattering 
to the geometr ical  and dielectric propert ies  of the surface.  
par t icu lar  in te res t  here ,  for example, would be the use of the 
depolarized component as  a diagnostic of surface roughness, o r  
the interpretat ion of compound surfaces,  where the questiofi of 
i n t e re s t  i s  the relation between the fraction of a total surface 
covered by a given p rocess )  and the overal l  scattering pattern. 
In short ,  the apparent success  of the single-scattering physical 
optics approximation should not be allowed to obscure the fact  
that  many sur faces  can not be handled that way, and that much 
study of other scattering mechanisms must  be ca r r i ed  out before 
the problems of remote sensing by radar  a r e  solved. 

Such a procedure i s  

Of 
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APPENDIX 

A. Completion of "The Solution of an Integral  Equation 
f o r  the Lunar Scattering Function" 

In Reference 4 ( s e e  a l so  References  1 and 12), the solution to 
the in tegra l  equation 

2 R s i n  Q cos a 
da 

s in  - l  Y 
R 

is given a s  

R 
(31) YO(a)= - - 

p=sin  a 

where  F(y)  i s  proport ional  to the lunar  power density spec t rum 
produced by  the Doppler effect and Y o ( @ )  is  the average  backscat ter ing 
c r o s s  section p e r  unit projected area. 
express ions  i s  shown i n  Figs. 2,  Sec. 11. 

The geometry for  the above 

Equation (31)  can be simplified to 

Let  E = Y to get 
R 

Differentiating with respec t  to p 
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Js2 - P 

Eq. ( 3 3 )  becomes 

Integrating by par t s ,  

Substituting this resu l t  into Eq. (35) ,  

Assuming F( 1) = 0 (i. e., the power density at the l imb of the moon 
i s  ze ro )  and noting that the lower l imit  of the second t e r m  is of 
equal  magnitude and opposite s i g n  compared with the third te rm,  
this be c ome  s 
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o r  

F r o m  this resul t  and the relation 

the 

(39 

B. 

backscatter c r o s s  section p e r  unit a r e a ,  u O ( a ) ,  i s  given b y  

F’ s in  CY 
uo(a) = - 

1 

:: 
Empir ica l  P(f) - uo(cy) Pairs 

There  a r e  seve ra l  functions uo(cy) which sat isfy the following 

< 
( 3 )  

(4) 

U ~ ( Q )  is  monotone decreasing for  0 - I C Y  I 
there  is  a closed f o r m  solution for  the in tegra l  

2; and 

* 
P r e p a r e d  with ass i s tance  of nr. L. J. Du. 
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Such functions a r e  of in te res t  f rom the standpoint that they may  
provide an insight into the interpretation of experimentally derived 
backscat ter  functions. 

A number of functions which satisfy the above c r i t e r i a  a r e  
given in  Table 111. 
p rogram for evaluating Eq. (10) of Section V (program 5, Appendix E ) .  
Curves for the functions of Table I11 a r e  given in  Figs. 20 and 21. 
It should be  pointed out that in order  for the computed uo(a) to behave 
properly a t  a = h , the corresponding function P(f) muet  satisfy the 
e quat ion 

These functions were  used in testing the computer 

2 

(4 1) lim P(f) = 0. 
f -  1 

It is noted that P(f) of the function pa i r  5 in  Table I11 does not 
sat isfy this requirement,  hence its use as  a p rogram check is 
questionable. It m a y  also be  pointed out, however, that the 
corresponding uO(a) with a = 15" and a = 20" more  nearly 
approximate the shape of the experimental backscatter function 
than do the other t e s t  functions. 
s ca t t e r  function (Fig. 13, Section V) is repeated in  Fig. 2'1 to 
provide a comparison. 

The average experimentql back- 

m. i n e  points i n  F igs .  20(a) and 2!(2j were corn-Fluted by 
p r o g r a m  5 (Appendix E )  f rom each function P(f) of Table Ih. 
An accuracy  of f 0 .  5 dB for  cy < 70"  i s  obtained by comparing 
the computed points with the empirical  curves  in Fig. 20(a) .  
Al l  the functions P(f) (Fig. 20(b) corresponding to these curves 
sat isfy Eq. (41). 
fo r  a < 60" is achieved for  the curves corresponding to a f 15" 
and a = 20". 

F r o m  Fig. 21 (a ) ,  an  e r r o r  of l e s s  than i o .  5 dB 
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(0) 

1. CY co t  cr 

2. c o s  CY 

3. cos cr 2 

The f i r s t  down conversion from 2270 MHz, usually to 30 MHz, was  
to about 28. 5 MHz (the "front end", including the LEL mixe r -p reamp,  
has  a bandwidth of about 8 MHz).  

The  reference into the Dymec s tab i l izer  was  nominally 30 MHz; 
C a l l  i t  fR. 
When phase-locked i n  the proper  operation mode, the Stalo 
frequency i s  

The Dymec R F  reference  was  N l N 2 f ~  (N1N2 i n t e g e r s ) .  

t (42) fLO = N l N 2 f ~  - f R  = f ~ ( N 1 N 2  1 ) .  

42 

- 

4. 

5. 

n cos CY 

2 

2 
s i n  CY 

sin 
-- 

e 

TABLE III 

TT - ( 1  -f2) 
4 

*Io[ 51 = Modified Besse l  Function 

C. Discussion of Receiver  Setup I 
The receiver  sys tem is shown i n  Fig. 4, Sec. 111 of this 

report .  
bandwidth. 
with the Collins. 

The Collins 75s-3 rece iver  was  used for i t s  nar row IF 
Frequencic s had to be synthesized which w e r e  compatible 

The requirements  are:  

( 1 )  Input frequency less  than 30 MHz, I 
(2) f i rs t  IF 

(3) las t  IF 

3.05 MHz 100 kHz, and 

455 kHz with 2. 1 kHz bandwidth, 

I 



The f i r s t  IF is 

where  fs i s  the frequency of the input signal. 
the f i r s t  m i x e r  in the Collins is normally chosen to l ie above the 
incoming signal. Thus,  

The mixing signal in  

(44) 

o r  f 

The value of the product of NlN2 m u s t  be chosen so  that all 
frequency requi rements  a r e  met. At the s a m e  time, N1 and Nz m u s t  
be numbers  which can  be achieved with frequency multiplier c i rcui ts .  
fR w a s  chosen to be 31. 5702 MHz, and was  der ived f r o m  the Hewlett- 
Packa rd  Synthesizer  dr iven  f rom the rubidium standard. Also, NINZ = 
72. Here  N1 = 12 was obtained by using a commerc ia l  t r ip le r  and 
quadrupler  by Micromega Corporation, and N2 = 6 was der ived i n  the 
harmonic  genera tor  within the Dymec stabil izer.  
378.8424 MHz, the R F  reference i n  the Dymec was  2273.0544 MHz, 
and the Stalo frequency when phase-locked was 

Thus NlfR = 

(46) fLO = 2273.0544 - 31. 5702 = 2241.4842 MHz. 

If the input signal w e r e  exactly 2270 MHz, the f i r s t  IF would be 

(47) fIFl = 2270 - fLO = 28. 5158 MHZ. 

The second IF would then be 

i 

To obtain exactly 455 kHz, and thus to center  f IF  3 i n  the rece iver  
p a s s  band, 
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(49) f 1 , 0 ,  = 3. 0544 - 0. 455 = 2. 5994 MHz. 

fLO, was synthesized in  the Rhode and Schwarz frequency synthesizer  
dr iven  by the rubidium standard. 
offset and varied in  accordance with computed values of Doppler 
shift to give a final IF output frequency of about 150 Hz. 

This second local osci l la tor  was  

D. Calculation of Doppler Shift and Doppler S m e a r  
of Lunar Radar Echos 

In tracking the moon two effects of Earth-moon relat ive motions 
mus t  be accounted for. The relative motion of the centers  of the two 
bodies produces an overa l l  Doppler frequency shif t  of the t ransmit ted 
signal (F ig .  1 ) .  The apparent  l ibration of the moon causes  a Doppler 
s m e a r  of the signal. The following methods may be used for  calcu- 
lating the Doppler shift and Doppler s m e a r  of moon-reflected r ada r  
signals. A computer p rogram incorporating these methods is given 
following the discussion. 

1. Doppler Shift 

The rate of change i n  the distance between the center  of the 
moon and the Earth-based observer  produces an  overa l l  Doppler 
shift in  the transmitted frequency which must  be  known in o r d e r  
to t rack the moon. The following is  a method for  computing this 
frequency shift, based on References 15 and 16 

Referring to Fig.  22 ,  the distance f r o m  an  obse rve r ,  A,  
( t ransmi t te r  o r  rece iver )  to the center  of the moon i s  given by 

where  

D, = distance f rom observer  a t  A to center  of moon ( m e t e r s ) ,  
Do = distance f rom center  of Ea r th  to  center  of mcon ( m e t e r s ) ,  

R a  = distance between Ea r th  center  and obse rve r  a t  A (me te r s ) ,  and 

t / ~  = angle between Do and Ra. 

Differentiating, the r a t e  of change of D, is 
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I 

Da 

d d 
dt d t  

where  Da = - Da and Do = - Do. Do is  given by 

Req D o = -  , 
sin 11 

where 

= equatorial  radius of the E a r t h  (6378. 388 km) Req 

and 

IT = horizontal  parallax (tabulated, pp. 52-67 in 1965 Ephemer is ) .  
Then 

The angle ~ J J  is  determined i n  t e r m s  of the obse rve r ' s  and 
the moon's positions. Reference is made  to Fig. 23, in which the 
unprimed coordinates re la te  to the Ear th ' s  equatorial  plane and 
the pr imed coordinates to the moon's orbi ta l  plane, to wri te  

(54) cos + = s in  6, sin +a + cos 9, cos  6, cos(LHA) , 

where  

LHA = local  hour angle = (Y' D) -(Y1 C )  , 

+a 
6, 
Y I 

= geocentric latitude of the observer ,  

= declination of the moon (pp. 68-158 in 1965 Ephemeris),  and 

= ascending node of moon's orbi t  on celest ia l  equator. 

15 
The local hour angle (LHA) i s  determined 
(page numbers  r e fe r  to the 1965 American Ephemeris)  : 

as in the example below 
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LHA 

Fig. 22. Geometry for distance f r o m  observer  to moon. 

A 

ION 
I 

ORBITAL Y' t PLANE 

Fig. 23. Geometry for positions of obse rve r  and moon. 
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Station time (UT)*  
Correc t ion  factor (UT to Ephemer is  Time)  t 

- Longitude of station (8 3" 02' 30" W )  
= Local  Mean Solar  Time 

Greenwich Mean Sidereal  Time (OhUT) 
Correc t ion  factor  (UT to Ephemer is  Time) 

Correc t ion  factor  (Solar to S iderea l  Time)  

t 
t Local  Mean Solar  Time 
t 

= Local  Mean Siderea l  T ime  

Local  Mean Siderea l  T ime  
- Right Ascension 

~ ~~~ 

= Local  Hour Angle 

Converting to degrees  (15" /h r ) ,  

LHA = Local hour angle = -58.05". 

*UT = Universal  Time 

~ ~ _ _ _ _ _  

23h00m00. 000' 

- 5h32m10. 000' 
1 7h28m2S. 000' 

15 h m  14 17. 164' (p. 12) 

17h28m25. 000' 

39. ooos (p. VII) 

35.0OOS(p. VII) 

2m52. 228' (p. 467) 

32h46m 9. 392' 

32h46m9. 392' 
-12h38m26. 286 (p. 100) 

20h07m49. 106' 

The  geocentric latitude of the obse rve r  i s  given in  t e r m s  of the 
corresponding geographic latitude by the expression 

(55) tan +a = ( i  - e') tan 4 

w h e r e  

+ = geographic latitude, 
+a = geocentric latitude, 

and 

e = ellipticity of ea r th  (e2 = 0.006768658). 

S imi l a r ly  the radius ,  Ra,  to a 
given by 

point at geocentric latitude +a is 
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F r o m  Eq. (54), 

d - ( C O S  + )  = d m [ C O S  6 m s i n  +a - s in  6, C O S  +a COS(LHA)I d t  (57) 

d - (LHA) cos +a cos 6, s in(LHA),  - dt 

where  

Letting Da and Db represent ,  respectively,  the dis tances  f r o m  the 
t ransmi t te r  and f r o m  the receiver  to the center  of the moon, the 
overal l  Doppler shift i s  given by 

where 

fD = total. Doppler shift (Hz) , 
f ,  = transmitted frequency (Hz) , 
c 

Da = relative motion between t ransmi t te r  and moon center  

= speed of light ( m / s e c ) ,  

(m/sec) 9 

and 

Db = relative motion between r ece ive r  and moon center  
(m/sec ) .  

2. Doppler Smear  

To compute the Doppler s m e a r  of the spec t rum of a t ransmit ted 
signal i t  is necessary  to compute the l ibration r a t e  of the moon. 
There  a r e  three sources  of lunar  libration. 
resu l t s  f rom the finite eccentr ic i ty  of the orb i ta l  path. 
moon rotates on i t s  axis once f o r  each revolution about the Ear th ,  
the slight eccentricity coupled with a constant axial rotation produces 
a "wobble" over the period of a lunar month. A second source  of 
l ibration is  the inclination of the moonls equator to i t s  o rb i ta l  plane. 

A longitudinal l ibrat ion 
Although the 
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A libration in latitude resul ts  i n  this instance. 
of an observer  on the rotating Ear th  contributes to the apparent 
l ibration of the moon. 

Finally, the motion 

Referr ing to Figs. 24 and 25, the following geometrical  
relations have been derived:" 

where  RAo is the value of the moon's right ascension durirlg the 
preceding month a t  the moment when i t s  declination is ze r6  and 
increasing. Then 

(60) C O S  0 = C O S ( Y ' Y  -I R h )  COS 6m, 

where  RAm and 6m a r e  the right ascension and declination, 
respectively, of the moon a t  the t ime of interest. 
derived f r o m  Eq. (60) and the angle 

With the angle 8 

we wri te  

sin(S-8) sin(S-Y' Y-RAm) 

s in  0 sin( Y' Y t RA,) 1'. (62) d i  = 2 s in  

Then with a', the distance along the celest ia l  equator f rom the 
t rue equinox to the ascending mode of the moon's  mean equator, 
interpolated f rom the Ephemeris (p. 51, 1965 edit ion),  

(63) Y'Y"'= t Y'Y, 

so that 

- 1  
(64) l i  = cos [cos 6 i  cos i t sin 6 i  s in  i cos(Y' Yl'' ) ]  , 
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E A R T H  ' S  EQUATOR 

' S  ORBIT 

MOON 

Fig. 24. Geometry for position of the moon. 

MOON'S E Q U A T O R I A L  
P L A N E  \ X 

Fig. 25. Orientation of moon. 
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where  i, the inclination of the moon's mean equator to the Ea r th ' s  
t rue  equator, is interpolated f rom Ephemeris  values (p. 51, 1965 
edit ion).  Then 

1 C O S  6 i  COS I i  - C O S  i 

s in  6i s i n  1i 
(65) Y'I = c0s- l  

and 

(66) E = 8 - Y'I  . 

The latitudinal and longitudinal l ibration r a t e s  a r e  now 
computed as follows. 
longitude, Sp and SL respectively,  a r e  obtained f r o m  the Ephemeris  
(pp. 314 to 321, 1965 edit ion).  Their t ime der ivat ives  a r e  

Values for the selenographic latitude and 

d 
dt  

(67) 1p  = - sp 

and 

8 1 
The t ime der ivat ives  of I 
latitudinal and the longitudinal l ibration r a t e s ,  respectively,  and 
a re  given by 

and IL, i. e. , I p and I L, a r e  the 

I 1 p  .e i" = - I L  sin l i  cos E 
2 2 1 t  cos  E tan 1i 

2 2 2 S C O S  E tan l i s e c  P i  
t SL cos E cos I -p (1  + c o s  2 E tan 2 3  li) 

2 

t SL s i n e  s i n l i  
cos  E tan I i  s i n €  

2 2 t  (1 t cos E tan I i )  

and  
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2 Sp cos  E sec  l i  

(1 tcos2c  tan2Pi) 2- 

t cos'c tan 2 P 2 3" d t ,  

s inc tan P i  

where E is  given in Eq. (66) and l i  in  Eq. (64) .  

The paral lax angle X (F ig .  23) i s  used to introduce the 
The components of 2 a r e  wri t ten as effect of the obse rve r ' s  motion. 

and 

R a  I 

Da 
(72) ZB = - [ s in  6 i  cos  +a sin(Y D) - cos 6 i  s in  +a]# 

where  R a  (Eq. (56 ) )  is  the distance between the Ea r th ' s  cen ter  
and the observer  a t  A ,  Da (Eq. (50)) i s  the distance f r o m  the 
observer  a t  A to the moonls center ,  6 i  i s  given by Eq. (62) and 

(73) Y'D = LHA t Y'C = LHA t Y'Y t RA,, 

where LHA was derived e a r l i e r ,  Y' Y i s  given by Eq. (59), and 
(Pa and 6, a r e  a s  previously defined. 
differentiated with respec t  to t ime to give 

Equations (71) and (72) a r e  
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Ra Da 
D Da 

21, t w e  - C O S  + a [ ~ ~ ~  6 i  C O S  6, COS(LHA) (74) CL = - - 

t s in  6 i  s in  6, sin(Y ID) ] 

R a  
dt  Da 

(RA,) C O S  6, - [COS 6 i  C O S  +a COS(LHA) - d  - 

t s in  6 i  s in  +a sin(Y' C) 3 

t s in   COS 6, C O S  +a C O S ( Y '  D) 

t s in  6, C O S ( Y I  C )  s in  +a] 

and 

where.  Da is given i n  Eq. (51) and we is  the angular velocity of the 
E a r t h  (we = 7. 2705 X radians/second).  

It is noted16 that for libration r a t e s  not too small ( >  
radiana/aecj E ~ s . .  (74)  and (75) rr;ay be appraximated by igcerir, g 
t e r m s  including 6, and (ba/Da) C p, L. 
in t e re s t  to the author, the libration r a t e s  w e r e  g rea t e r  than 
5 X 

In the application of 

radians/sec,  hence Eq. (74) and (75) a r e  simplified to 

R a  

Da 
(76) kL'ue - cos  +a [cos 6 i  cos  6, cos(LHA) 

t sin 6 i  s in  6, s i n ( Y 1  D)] 

d R a  

dt "a 

t sin 6 i  s in  +a sin ( V I  C )  ] 

- - (RA,) COS b m  - [ C O S  6 i  C O S  +a COS(LHA) 
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and 

s in  b i  C O S  9, C O S ( Y '  D) . (77) r p 2  oe - R a  
Da 

Having Zp and ZL for both t ransmi t te r  and rece iver  stations, 
the components of the total  l ibration a r e  given by 

where the a and h subscr ipts  re fer  to the t r ansmi t t e r  and rece iver ,  
respectively. The total l ibration ra te  is thus given by 

The libration ra te  a t  the point P on the "limb" of the moon 
as seen  by the observer  o n  E a r t h  i s  (Fig. 26) 

(81) L = R m [  - 1 ~ ~  C O S  ~r t I T  s in  a ]  , 
P 

where R m  is the radius of the moon. 
which L is a maximum (or  minimum),  this equation is differentiated 
and se t  equal t o  z e r o  to give 

To determine the angle cy for 

The maximurn value of Doppler s m e a r ,  corresponding to the 
l imb of the moon, is then 
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where c is  the velocity of light and fc the t ransmit ted frequency. 

The methods for  computing Doppler shift and smear presented 
he re  a r e  readily programmed for computer, requiring data f rom the 
Ephemeris' ' as wel l  a s  t ransmit ter  and rece iver  s i te  specifications. 
The following Scatran computer program applies these methods in  
computing Doppler shift, Doppler s m e a r  and lunar range. 
27 and 28 a r e  examples of Doppler shift and Doppler smea?, respec-  
tively, as a function of time (frequency transmitted,  2270 MHz: 
Transmi t t e r  longitude, 82" 07' 29" W;latitude, 39" 19' 28" N;  
receiver  longitude, 83" 02 '  30" W;latitude, 40" 00' 10" N) 

In Figs. 

Fig. 26. Geometry for maximum l imb Doppler. 
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I- 
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-I 
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I8 
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12 

DATE: 4 MAY, 1965 
FREQUENCY: 2 2 7 0  MHz 

- 

- 

- 

15 18 21 24 

UNIVERSAL T I  ME ( HOURS) 

Fig. 27. Doppler frequen.cy shift of t ransmit ted signal. 
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DATE: 4 MAY, 1965 
FREQUENCY: 2270 MHz 

14 16 18 20 22 24 I O  12 

UNIVERSAL TIME (HOURS) 

Fig. 28. Doppler s m e a r  due to apparent libration. 
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_.- *** RUN 9 D V M ~ L - ~ 7 E i i ~ O R ~  SCATRAN __ ~- 
c+++++++++j++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++- - - - 

6 P O I N T  D I F F E R E N T I A T I O N  - C 
C 
C F = F U N C T I O N  OF X - 

_ _ _  __-- - 
_-_ ~- __-____-___ 

D F  = D E R I V A T I V E  O F  F W I T H  R E S P E C T  TO X - 
D E L X  = S P A C I N G  O F  EQUALLY-SPACED V A R I A B L E 9  X - 

C N X  = NUMBER OF I N T E R V A L S  OF x - 
N X + l  = NUMBER O F  V A L U E S  O F  X - 

-- _ _  C 
C 

C 

____ ~_ -_____ 

__._ --. _____ 
- -  _ ~_ - 

) * IP-2; ) *F(: I - 3 T P . 2 -  1 * (P-2 )*F ( I ) /2 - -___ -  
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ENDSUBPROGR AY- 
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N O R M A L E X I T -  
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- ~ __ ~-~ 
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*DRAM (80 ) mFl M (80 1 D P  I f R O  I .  n<F<ni 
~ ~ 8 n  ’ ’ - c 

S T A R T  R E A D  I N P U T * B r ( N R U N S ) -  
R E A D  INPUT*Fl*(Xl*X2*X3rYl*Y2*Y3*TEL)- 

F F 1  (3(F5.01F3.01F7.3))- . 
W R I T E  O U T P U T * F F l *  ( X ~ * X ~ * X ~ ~ Y ~ ~ Y P I Y ~ ~ T F I  1- 

F FFI (58H L U N A R  DOPPLER S H I F T 9  DOPPLER SMEAR AND RANGF C OMPUTAT IO 
N S  / / / ~ X I ~ ~ H T R A N S M I T T E R / ~ O X ~ F ~ ~ ~ ~ H H R ~ F ~ ~ ~ ~ H M I N ~ F ~ ~ ~ ~ ~ H S E C  I O  
N G I T U D E / ~ O X I F ~ * ~ ~ H D E G ~ F ~ ~ ~ ~ H M I N ~ F ~ O * ~ ~ H S E C  L A T I T U D F / I O X I F S * O  
* I l H M  E L E V A T I O N / ) -  
T L O = X  1 + X 2 / 6 O + X 3 ) 3 6 0 0 -  
T L A = Y  1 + Y 2 / 6 O + Y 3 / 3 6 0 0 -  
R E A D  INPUT*FI*(Xl*X2*X3*Yl~Y2*Y3*R€L)- 
W R I T E  O U T P U T I F F ~ ~ ( X I * X ~ * X ~ * Y I * Y ~ * Y ~ * R E L ) -  

O X I F ~ . ~ ~ H D E G ~ F ~ ~ * ~ H M I N I F ~ . ~ ~ ~ H S E C  L A T I T U D E / l O X * F S * O * l l H M  ELE 
V A T  I ON/) - 
R L O = X I + X 2 / 6 O + X 3 / 3 6 0 0 -  
R L A = Y  1 + Y 2 / 6 O + Y 3 / 3 6 0 0 -  
R E A D  I N P U T * F 2 * ( F R E Q ) -  

I- t t  2 ( 5 X ~ B H R E C E I V E R / l O X * F 4 ~ ~ 2 H H R ~ F 4 ~ ~ 3 H M I N ~ F 4 ~ ~ 1 3 H S E C  L O N G I T U D E / I  

F F2 (E10.)- 
W R I T E  O U T P U T * F F 3 * ( F R E O ) -  

F FF3 ( S X I ~ O H F R E Q U E N C Y = * I P E ~ . ~ ~ ~ H H Z ) -  
2 = * 0 1 7 4 5 3 2 9 -  
F L O A T I N G ( L I I L P B I L P L * L T B * L T L * L H A A * L H A B * L M S T A * L M S T B ) -  
R A D I U S = 1 . 7 3 8 . X * 6 -  
C O N S T = 2 * F R E O * R A D I U S / 3 . X . 8 -  
DO T H R O U G H ( E N D ) ~ N R = l * l * N R ~ L E o N R U N S -  
R E A D  INPUT*F3r(KMO*KDAY*KYR)- 

W R I T E  O U T P U T * F F 4 * ( N R * K M O * K D A Y * K Y R ) -  

~- 

F F3 ( 3 1 2 ) -  

F FF4 ( 4 H 1  ( r I 2 r 3 H )  * 1 2 * l H / * I 2 + 1 H / * I 2 / ) -  
R E A D  I N P U T e 7 r  ( T M I N * T M A X * D E L T ) -  
R E A D  I N P U T I F 1  * ( X I  r X 2 r X 3 ) -  
R A O = X l + X 2 / 6 0 + X 3 / 3 6 0 0 -  
W R I T E  OUTPUT*FFRAO*(Xl*X2tX3)- 

F F-tRAO ( 5 H O  RAO / F 8 . r F 4 . r F 0 . 3 ) -  
G P G = 3 6 0 * - R A O *  15- 
N R A = 4 -  
WR I T E  OUTPUT FF5- 

DO T H R O U G H ( D l ) r I = O * l ~ I . L . N R A -  
R E A D  I N P U T I F ~ * ( T R ( I ) * X I * X ~ . X ~ ) -  

F FF5 ( 2 0 H O  R I G H T  A S C E N S I O N ) -  

F F4 (F2.*F6.*F4e rF8.3)- - 
W R I T E O U T P U T * F F 6 r ( T R ( I ) * X l * X 2 * X 3 ) -  

F FF6 ( 5 X * F 3 *  rF6. rF4 rF8.3 ) - 
D 1  R A ( 1  )=(Xl+X2/60+X3/3600)*15- 

R E A D  I N P U T I F ~ * ( X O * X I * X ~ * X ~ ) -  
W R I T E  O U T P U T t F F 7 r  ( X l  r X 2 * X 3 ) -  

G M S T = X l + X 2 / 6 0 + X 3 / 3 6 0 0 -  
NDE C = 4  - 
W R I T E  OUTPUTIFFB-  

F FF7 ( 3 3 H O  GREENWICH MEAN S I D E R E A L  T I M E / F B . r F 4 o r F B . 3 ) -  

I- t t k l  ( 2 5 H O  AI I A R t N T  D t C L l  NAT I ON I -  
DO THROUGH ( D 2  ) I = O  1 I * L o  NDEC- 
R E A D  INPUTtF4*(TD(I)rXlrX2*X3)- 
W R I T E O U T P U T I F F ~ * ( T D ( I ) ~ X ~ ~ X ~ . X ~ ) -  
DEC ( I ) = X I  + X 2 / 6 0 + X 3 / 3 6 0 0 -  
W R I T E  O U T P U T * F F 9 -  

F FF9 (24HO HOR I Z O N T A L  P A R A L L A X  1 - 
DO T H R O U G H ( D 3 ) r I = O * 1  rI.L.3- 

02 

, R E A D  INPUT*F4*(TP(I)*Xl*X2*X3)- 

59 



60 



D D A = ( D D O * ( D O - A A * C O S P S I  )-DO*AA*DCOSPS)/DA- 
COSPSI=SDELM*SRLA+CRLA*CDELM*CTG- - ~~ 
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E. SCATRAN Computer Programs (Compatible with the OSU IBM 7094 
Computer) for  Data Analysis 

(1) The data digitized by Wright-Patterson Air Force  Base were  
s tored  on full digital tapes. 
channels of data f r o m  any portion of the WPAFB tapes. 
to reduce tape reading t ime during data analysis. 

This program re - r eco rds  any of the four 
Its  purpose is 

(2) The data re - recorded  by p rogram (1) a r e  smoothed and 
" d e ~ i m a t e d " ~  by the operator  F&S,. The mean is  removed. The 
autocovariance and rough spectrum a r e  computed f r o m  the modified 
data. 
smoothing, the spec t rum is smoothed by Hanning weights. 

Following the appropriate spec t ra l  correct ions for the data  

( 3 )  Data which were  digitized a t  the OSU Computer Center 
a r e  read by this program, which is  compatible with the output of the 
OSU A/D converter. The data a re  averaged to determine the mean. 
The mean  i s  removed i f  des i red  (option available by input data ca rd ) .  
The autocovariance and rough power spectrum a r e  computed. 
Hanning weights a r e  used to smooth the spectrum and, by proper  
choice of option, the spec t rum i s  normalized to i t s  maximum (peak) 
value. 
m a y  be plotted by selecting the plot option. 
s tandard Scatran plot performed on the IBM 1620 computer. 
c a r d  output option i s  provided for ease  in  subsequent spec t ra l  
averaging and for use with program (4). 

If the spec t rum normalizing option is chosen the spec t rum 
The plot i s  the OSU 

A 

(4) The center  frequency of the lunar spec t rum is removed 
and the spec t rum is frequency-normalized to the l imb freqbency. 
The card  output i s  compatible with program (5).  

(5 )  From one-sided, frequency-normalized spec t ra ,  the 

A ca rd  output is provided for la te r  averaging. 
average  backscattering c r o s s  section per  unit area,  u o ( a )  i s  
computed. 

(6) A probability density function i s  computed. The input 
is compatible with digital tapes f rom the OSU A/D convertkr. 
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++ I N P U T  * BO1 I I R  T A P F  h8-76- 

+++ R U N  
+++ SCATRAN 

+* OUTPUT * BO? T HR c r u T q n  _ -  

C PROGRAM NO. 1 0 5 - T  R F - R F r n R D  D A T A  - 
DIMENSION(IDATA(457)~ID(3)~ICH(65~))- 

D F F I N E  P O C L * M N D A T A * 4 r 6 9 0 -  
S T A R T  R E A D  I N P L J T * B *  ( N R U N S ) -  

_ _ _ _ _  
FL I S T  F ILE L I S T  ( A *  S I  NPUT S I  SOUTPUTS ) -  

A T T A C H  F I L E S * M N D A T A * A * 2 -  
DO T H R O U G H ( D A T A ) * N R = l * l . N R . L E . N R U N S -  
M t A D  I N P U T I F I * ( I D ( O ) * ~ D ( I ) ~ I D ( ~ ) ) -  

F F I  ( 1 2 r I 6 * 1 4 ) -  
R E A D  I N P U T I B .  ( N R S K I P 9 N R R E A D ) -  
W R I T E  OUTPUT*FFl*(NR*ID(O)~ID(1)~1D(2)~NRSKIP~NRREAD)- 

I- PI- 1 ( 2 H  ( * I 1 * 3 H )  r I 2 * 1 6 r I 4 r l O H  S K I P  r 1 4 r 1 5 H  RECORDS9 READ * 
I 3 * 8 H  R E C O R D S / ) -  

DO THROUGH(SKIP)*I=lrlrI*LE*NRSKIP- 
S K I P  R E A D  D E C I M A L * A * E O F * F T I -  

I- F T I  ( 4 5 6 L 6  1 - 
DO T H R O U G H ( D A T A ) * I = l * l * I . L E . N R R E A D -  
R E A D  D E C I M A L ~ A ~ E O F ~ F T l ~ ( ( I D A T A ( J ) ~ J = l ~ l ~ J ~ L E * 4 5 6 ) ) -  
K = l -  
DO T H R O U G H ( K I N C ) * N = l r 4 * N . L E . 4 5 3 -  
I C H ( K  ) =  ( I D A T  A ( N ) * L S . 1 2 ) . R S . 2 4 -  
I C H ( K + l ) = ( I D A T A ( N ) . L S . 2 4 ) . R S . 2 4 -  
I C H ( K + 2 ) = (  I D A T A ( N + l ) - L S . 2 4 ) . R S . 2 4 -  
I C H ( K + 3 ) = I D A T A ( N + 2 ) . R S . 2 4 -  
I CH ( K + 4  ) = I D A T A  mT3-l e x . 2 4 -  
I C H ( K + ~ ) = ( I D A T A ( N + ~ ) * L S ~ ~ ~ ) O R S * ~ ~ -  

K I N C  K = K + 6 -  
D A T A  W H I l t  B I N A H Y ~ B O U ~ ~ U T B I ~ ( T C H ( K ) ~ K = I  r l r K . L E . 6 8 4 ) ) -  

- -  
C L U s t  u N L O A D i A r 2 -  
TRANSFER(OUT)- ~ ~- 

tur W H I T t  O U T P U T * F F E c r - -  

uu 1 C A L L  SUBHU U T  I N t  ( ) = t N D J O R . O -  
I- I -P tU l -  ( 1 2 H  t N D  O r  k I L t ) -  

END PROGRAM (START,- 
~ +++ D A T A  
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C MODPSD - 
D O  T H R O U G H ( P S D 2 ) * J = O . l r J o L E * N P -  __ 
F ( J ) = o S * ( J + F M I  ) /TM- 
U ( J  )=Om- 
D O  T H R O U G H ( P S D l ) r K = l r l * K . L . N C -  
U ( J  )=U ( J  )+I X ( K  ) *COS.  ( K * (  J+FM I ) * n e  1 4 1  6 / N C  ) -  - P S D 1  _-___ 

PSD2 U ( J ) = 2 * U ( J ) + I X ( O ) + I X ( N C ) * C O S ~ ~ ~ ~ 1 4 1 6 * ~ J + F M I ~ ~ -  
C R A w P T n  - 
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T R Y V  CONT I NLJE- 

M A X V  v M A X = V  ( J ) - 
'WRITE O U T P U T I F F P ~ D I ( ( F ( I  ) I V ( I  ) / V Y A X I I = ~ . ~ * I . L E . Y P ) ) -  

F FFPSD ( 36H 1 POWER S P E C T R U M  ( H A N N  I N G  SM;)OTti I N G  ) / /  
I - - - __-_ ( 5 ( F l O . Z * l P E 1 2 . 7 ) ) ) -  . - . . . . - -- - - 

PUNCH C A R D S *  8 .  ( NP - 

F F F C  
END 

E O F  
F F F E O F  

O U T  
~- 

PIJNCI I  
( 4 ( F & 3 0 2 1 1 P E 1 0 . 3 )  ) -  

CONT I NUE- 
C L O S E  UNLOAD,  A- 
T R A N S F E R ( 3 U T ) -  

W R I T E  OUTPUTIFFEOF-  
( 1 2 H  ENn O F  F I L F I -  
C A L L  5UOHOIJT I N E (  ) =ENDJOUm ( ) -  

C A M D S r F F C r  ( ( F (  I ) r V (  I ) / ~ M A X I  1 ~ 3 1 1  I I o L t * N P )  I -  

. .  . -  

E N D  P R O G R A Y ( 5 T A R T ) -  
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__ . 1 1  / ) -  

W R I T E  OIJTPUT.FSPEC2.  ( T N . T M . T S K I P 2 -  
~ 

.. 
F _ F S P E C 2  ( 1 H  * 4 X 1 F 4 0 l r 1 4 H  SEC. OF D A T A * * 5 X * F 3 . 1 3 _ 2 _ O H  SEC. MAX. COV. I A  

G I I ~ X V ~ H S U I P  r F 5 . 1 . 1 3 H  SEC. TO D A I A  / / ) -  _ .  . -  
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_. C L O S E  ___ U N L O A D * A * j =  - - . . 

S!JRROUT I NE ( ) C A L L  
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*** R U N  
+** S C A T R A N  

C - 
FUNCTION ( P M A x  1 =MAXMM. ( P*NT ) -  

DO T H R O U G H ( T R Y ) * J = O * I * J . L E . N T -  

K I N C  K=K+ 1 - 
T R A N S F E R T O ( M A X ) P R O V I D E D ( K . E . N T + l ) -  
TRANSFERTO(KINC)PWOVIDED(P(J).GE.P(K))- 

TRY CONT I NUE- 
MAX P M A X = P ( J ) -  

N O R M A L E X I T -  
ENDSUBPROGRAM- 

C - 
C PROGRAM NO. 1 1 0 - C  FREQUENCY N O R M A L I Z A T I O N  O F  P S D  - 

D I M E N S I O N ( I D ( 3 ) * F ( 5 1 3 ) r X o ) -  
S T A R T  R E A D  I N P U T * 8 *  ( N R U N S I -  
1 

R E A D  I N P U T I F I N F O *  (ID(O)rID(l)*ID(2)*NP~FATMAX*FDOP)- 
W R I T E  O U T P U T * F F I N F O * ( N R + I *  I D ( O ) *  I D ( 1  ) *  I D ( 2 ) e F D O P ) -  

F F I N F O  ( 1 5 . 1 6 * 1 4 * 1 5 . 2 F 1 0 . 2 ) -  
I- i -PI  NI- 0 ( 5 1 H l P R O G R A V  N O *  1 1 0 - C  FREQUENCY N O R M A L I Z A T I O N  O F  PSD / /  

3H ( t  I 1  1 IH) R U N  NO. 1 2 -  1 6 *  1 4 1  I O X * 2 1 H M A X o  D O P P L E R  S M  
E A R  = rF4.1 r 3 H  HZ / / ) -  

R E A D  I N P U T * F C A R D S * ( ( F ( I ) * X ( I  ) r 1 = 0 1 1 * 1 o L E o N P ) ) -  
t I-CARD 5 ( 4 ( F 8 * 2 * 1 P E 1 0 0 3 ) ) -  

DO T H R O U G H ( N O R M ) * I = O I ~ * I . L E . N P -  
NORM F(I)=(F(I)-FATMAX)/FDOP- 

J = O -  
DO THROUGH(HERE)*I=OII*IOLE~NP- 
~ ~ ~ ~ ~ ~ ~ ~ ~ E ~ I ~ ~ L ~ ~ l ~ O ~ O R ~ F ~ I ~ ~ G ~ ~ ~ O ~ r T R A N S F E R  T O  ( H E R E ) -  
X ( J ) = X ( I  ) -  
J= J+ 1 - 

H E R E  CONT I NUE- 

____ 
XMAXYMAXMM. ( x * NX - 
W R I T E  O U T P U T * F F P S D * ( ( F ( I ) * X ( I  ) / X M A X I I = O * ~ ~ I O L E O N X ) ) -  

F FFPSD ( B I H O P O W E R  SPECTRUM ( H A N N I N G  S M O O T H I N G ) *  FREQUENCY N O R M A L 1 2  
ED TO M A X -  D O P P L E R  SMEAR // (5(F10.4*F12.4) ) ) -  
P U N C H  C A R D S - B r  ( N X ) -  
PUNCH C A R D S - F C C  * ( ( F ( I ) ~ X ( I ) / X M A X I I = N X / ~ * ~ * I O L E ~ N X ) ) -  

END P U N C H  CARDS.FCC ~ ( ( F ( I ) . X ( I ) / X M A X I I = N X / ~ * - ~ * I O G E * O ) ) -  
I- t c c  ( 1 O F  1.4 ) -  

C A L L  S U B R O U T I N E O = E N D J O B o  ( ) -  

E N D  PROGRAM ( S T A R T  ) -  

+** DATA 
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- *** R U N  9 DUMPLOWER CORE * S C A T R A N  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C 6 P O I N ' T  D I F F E Q E N T I A T I O N  - 

- C 
C F = F U N C T I O N  O F  X - 
C D F  = D E R I V A T I V E  O F  F W I T H  R E S P E C T  T O  x - 
C D E L X  = S P A C I N G  O F  EQUALLY-SPACED V A R I A B L E 9  X - 
-~ 

C N X  = NUMDER O F  I N T E R V A L S  O F  X - 
C N X + I  = NUMBER O F  V A L U E S  O F  X - 

~ NORMAL -EX I I- - 

_.__ - -__- END SUBPROGRAM- 
- - C 

C 
C 

C + + + ++ + + ++;t+T+T+ +i+-+ + + +++ + ++ + + + + + + + + +++++ + + i i++++ + + + + + ++ + + + + ++ + + + + + + +++ + - 
- -- ~ _ _ _  _- ~ _ _  

- ___- I N T E R P O L A T I O N  F U N C T I O N  
-- ~ ~- ___--__-- 

r - 
. L 

C 
C 

_ - F I S Z F E T E  F U N C T  I O N  W ITH-NX+ 1 V A L U E K O V L R  X 0- - 

U - I S  I N T E R P O L A T E D  V A L U E  O F  F A T  X=XUo - 
- _  
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E 
C 
C 
C 
c 

..-._ . 

. 

.__. 
x-x 

X Y  

_... . 

. .  
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. 

T R A N S F E R  TO- (MA&GAM-)PROVIDED (K.E*NP+I ) -  

T R A N S F E R  T O  ( K I E C )  P R O V I D E D  ( G A M M A ( J ) o G E o G A M M A ( K )  ) -  

T R Y  C O N T I N I I F -  
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*+c INWT * B O 1  I HB T A P E  NO. 848 *** RUNIDUMPLOWERCOREISCATRAN 
D I M E N S I O N ( I X ( 3 8 O ) * I P D F ( l 5 l ~ ~ F M T ~ l 2 ~ ~ -  

S T A R T  R E A D  INPUTIB.  (NTAPEINSPS*NWRINCHSINCHINF)- 
R E A D  I N P U T * 7 * ( T S K I P * T R E A D )  - 
W R I T E  OUTPUTIFHEAD* (NTAPE*NSPSINWR*NCHINCHS*NF*TSKIP*TREAQ)- 

7 H  SAMPLES/SEC.  * I 5 r 1 3 H  WORDS/RECORD / S X * l E H D A T A  ON CH. * 
I 2 r 4 H  O F  * 1 2 * 2 0 H  C H S o r  F I L E  NO. * I l / / S X * S H S K I P  r F 4 0 l r I 2 H  

< F F H E A D  

SECor  R E A D  r F 4 0 l r 5 H  S E C . / / / 1 2 X * l Z H X  P ( X ) / )  - 
R E A D  I N P U T ~ F O R M A T * ~ ~ F M T ~ I ~ ~ I ~ O ~ l * I ~ L ~ l 2 ~ ~ -  

f- f-OR MAT ( 1 2 L 6 ) -  
D t P  I N t  P U O L * P O O L * Z r ! J 0 1 -  

FL I S T  F I L E  L I S T  ( A i S I N P U T  8 )  - 
A T T A C H  F I L E S * P O O L * A * l -  
DO THHO U G H ( S K I P F 1  ) * I = l r l r I e L  oNF- 
T H A N S f - t H  ( H t A D )  - 

MAL A *  SK 
S K I P F I  CONT I NUE- 

NRSKIP=TSKIP*NSPS*NCHS/(3*NWR)+.5- 
DO THROUGH(SKIP)rI=lrl~I~LEoNRSKIP- 

S K I P  R E A D  DEC I MAL t A * € O F *  9- 
NRDATA=TREAD*NSPS*NCHS/(3*NWR)+o5 - 
NJ=3*NWR/NCHS - 
NP=75- 
DO T H R O U G H ( R E A D Y ) ~ I = O I I ~ I O L E ~ ~ * N P -  

- 

R t A D Y  I P D F (  I )=O- 
DO T H R O U G H ( V 3 ) r N R = l r l r N R . L E . N R D A T A -  
R t A D  D E C I M A L ~ A ~ E O F ~ F M T ~ ~ I A ~ I B ~ I C ~ I D ~ ~ I X ~ J ~ ~ J ~ l ~ l ~ J ~ L E ~ N J ~ ~ -  
DO THHOUGH(V3)rI=lrlrI.LE*NJ- 
5 

L I M = J * 2 0 - 1 0 -  
C O N D I T I O N A L ( V 3 ) -  
P W J V L D t D ( I X ( 1  ) G t s L  IM. AND I X ( 1 ) .L .L I M+20 ) OTHERW I SE ( V I  ) -  

IWt- (NP + J ) = I P u P  (NP + J ) + 1 -  
vu 

v 1  O R P R O V I D E D ( I X ( l ) ~ L ~ - L I M ~ A N D ~ I X ~ I  ) * G E . - L I M - 2 0 )  O T H E R W I S E ( V 2 ) -  
IPDF(NP-J)=IPDF(NP-J)+l- 
E N D C O N D I T I O N A L -  

V E  CONT lNUt  - 
v3 C O N T I N U E -  

NX=NRDATA*NJ-  
DO THHOUGH(LOWtR)rJ=O*l~J*LEoNP- 
P R O V I D E D ( I P D F ( J ) . N E . O ) r T R A N S F E R T O ( L I M I T ) -  

LOWER CONT I NUE- 
L I M I T  JL=J-1- 

DO T H H O U G H ~ U P P E R ) r J = 2 * N P * - l * ~ o ~ ~ * ~ ~ -  
P R O V I D E D ( I P D F ( J ) . N E * O ) * T R A N S F E R T O ( L I M T ) -  

U P P E R  C O N T I N U E -  
I I M T  I I  I =  I+  1 - - -  . .  -., - - 

D E L = ( J U - J L ) / E . -  
W R I T E  OUTPUTIFFPDFI  ((-l.+(J-JL)/DEL.l.*IPDF(J)/NX* 

J = J L * l r J o L E . J U ) ) -  
F F F P D F  ( 4 X t F l l . 4 r F 9 . 4 ) -  

TRANSFER ( E N D )  - 
€ O F  W R I T E  OUTPUT 9 FEOF-  

I-- F E O F  ( 1 2 H  END OF F I L E ) -  
t N D  CLOSE U N L O A D  * A * 1 - 

C A L L  
END PROGRAM ( S T A R T ) -  

SUBROUT I NE ( 1 =END JOB. ( 1- 

*+* n A T A  - .  r 5 5 1 1 
30 60 

( N 1 8 + 3 N 6 * 3 7 5 ( C 1 2 r S 1 2 r S 1 2 t S 1 2 )  1 
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F. Suggestions for  Efficient Digital 
Spec t ra l  Analysis 

Any time a digital spec t r a l  analysis is  performed high computer 
expenses can be expected. As a n  example, the t ime required by a n  
IBM 7094 to compute a spec t ra l  es t imate  with 1 Hertz resolution ( I  
second maximum autocovariance lag) f rom a 20 second sample of 
data a t  500 samples p e r  second is about 10 minutes, the l a rges t  
sha re  of this t ime being consumed in computing the autocovariance. 
Of course,  10 minutes is  not a lot of computer time, but the 
information derived f rom a 20 second sample of data  i s  not g rea t  
either. Usually a much g rea t e r  amount of data is  available f o r  
analysis,  and is needed fo r  accurate  resul ts .  Also, i f  higher 
sample ra tes  o r  f iner frequency resolution a r e  needed, computer 
t ime will  be even grea te r .  Doubling the sample ra te  multiplies 
the computer t ime by about four. Similarly,  a two-fold inc rease  
in frequency resolution resu l t s  i n  about a four-fold increase  i n  
computer time. 
be considered since such conservation would pe rmi t  the analysis  of 
a g rea t e r  amount of data within the same  expense limits. 

Any reliable way of reducing computer t ime should 

A method lP9' lo' 'kxis ts which significantly reduces computer 
t ime in spec t ra l  analysis even though i t  requi res  that m o r e  data be 
analysed f o r  equivalent results.  The method, which depends on the 
"arcsine lawffS9 a s sumes  that the random variable  analysed is a 
normal  (Gaussian) process.  It m a y  be recal led that, in Section I V  
(Fig.  6 ) ,  the lunar signals were  shown to closely approximate a 
normal  process .  
scat ter ing data to satisfy this requirement.  

It is not unreasonable to expect other planetary 

The a rc s ine  law provides a relation between Rx ( 7 )  , the 
autocorrelation function of a Gaussian p rocess  x ( t ) ,  and R y ( 7 ) ,  
the autocorrelation function of a function y(t)  , where y( t )  is 
obtained by submitting x( t )  to a hard  limiting p rocess  so  that 

According to  the a rc s ine  law, 

o r  
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Hence the autocorrelation of x(t)  can be uniquely determined f rom 
that of y( t ) .  

The advantage of this process  is  real ized i n  the fact  that 
substantially l e s s  t ime i s  required to compute the autocorreilation 
function of a data sequence composed of plus ones and minus ones 
(a binary sequence) than to compute that of a 12 bit (24 amplitude 
levels)  sequence (the OSU A/D converter provides 12 bit  resolution).  
Using the example given in Reference 11, about a 7 to 1 reduction in  
t ime can be real ized by using the binary mode as compared ivith a 
16 b i t  mode o r  about a 5 to 1 reduction compared with a 12 bi t  mode 
(OSU sys t em) .  
analyse m o r e  data in  the binary mode to obtain resu l t s  equivalent 
to  those achieved with higher modes ( i t  is pointed out i n  Reference 
11 that approximately 2; t imes more binary data must  be analysed 
to obtain a spectrum as smooth as  that derived when the 16 bi t  mode 
is used) .  

These examples take into account the need t'o 

It is suggested that the OSU Satellite Communications Facil i ty 
be equipped to convert  and record  data i n  the binary mode, provided 
spec t r a l  analysis is  expected to be a p a r t  of future experiments.  The 
result ing reduction i n  analysis costs would make prac t ica l  the analysis 
of a grea te r  amount of data with a resultant increase in  the reliabil i ty 
of the output information. 
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